Deletion of the clathrin heavy-chain gene,
14-3-3 proteins are abundant acidic proteins of '30 kDa with numerous isoforms and a diverse array of reported functions. The Bmh2 protein is >70% identical to the mammalian e-isoform and >90% identical to a previously reported yeast 14-3-3 protein encoded by BMHI. Single deletions ofBMHI or BMH2 have no discernible phenotypes, but deletion of both BMHI and BMH2 is lethal. High-copy BMHI also rescues inviable strains of Chc-yeast, although not as well as BMH2. In addition, the slow growth of viable strains of Chc-yeast is further impaired when combined with single bmh mutations, often resulting in lethality. Overexpression ofBMH genes also partially suppresses the temperature sensitivity of the cdc25-1 mutant, and high-copy TPKI, encoding a cAMP-dependent protein kinase, restores Bmh-yeast to viability. High-copy TPKI did not rescue Chc-yeast. These genetic interactions suggest that budding-yeast 14-3-3 proteins are multifunctional and may play a role in both vesicular transport and Ras signaling pathways. The 14-3-3 proteins comprise a family of highly related acidic proteins of '30 kDa (1) . Originally found in abundance in mammalian brain, they have now been identified in all eukaryotes examined, including yeast, plants, insects, and humans. There are several different 14-3-3 isoforms in mammalian cells which are generally >60% identical, and homology across divergent species is similarly high. The 14-3-3 proteins are also conspicuous for the diversity of functions that have been attributed to them. They have been identified as activators of neurotransmitter synthesis enzymes (2) and implicated in a number of mitogenic signal transduction pathways, including those involving protein kinase C (PKC), Raf, and Bcr-Abl and middle-sized tumor (T) antigen (see refs. 1 and 3 and references therein). Some 14-3-3 proteins have also been isolated as factors that stimulate mitochondrial import (4), Ca2+-dependent exocytosis in permeabilized adrenal chromaffin cells (5) , and ExoS, the virulence factor of Pseudomonas aeruginosa which ADP-ribosylates Ras and other small GTPases (6, 7) . In plants 14-3-3 proteins have been found in association with DNA-protein complexes (8) , and in Schizosaccharomyces pombe they have been shown to be important for radiation resistance and checkpoint control (9) . Previously, a 14-3-3 gene, BMH], was identified in Saccharomyces cerevisiae by its proximity to the PDAJ gene (10) . Later 
it was
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isolated by its ability to enhance the activity of Raf in a heterologous yeast reporter system (11) ; however, bmhl-A cells appear normal.
Our laboratory developed a screen for high-copy suppressors of inviable strains of clathrin-deficient S. cerevisiae (12) . Clathrin is a major vesicular transport coat protein involved in receptor-mediated endocytosis and protein sorting at the late Golgi compartment. The phenotype of yeast strains carrying a disruption of the clathrin heavy-chain gene, CHC1, is affected by an independently segregating gene referred to as SCD1, suppressor of clathrin deficiency (13) . With the scdl-v allele, Chc-yeast are viable but grow poorly and display abnormal morphology, genetic instability, and defects in late Golgi protein retention and endocytosis (14) . With the scdl-i allele Chc-yeast are inviable (13) . The high-copy-suppressor selection strategy identified five genes whose overexpression rescued Chc-yeast of scdl-i genetic background to viability (12) . One of these genes has been found to encode a second S. cerevisiae 14-3-3 protein homologue. Here, we present our isolation of this gene, BMH2, and initial characterization of yeast 14-3-3 mutants.l
MATERIALS AND METHODS
Strains, Media, and Genetic Methods. S. cerevisiae strains used in this study were LP3004-1B, MATa rad9-1 leu2-3,112 (from L. Prakash, University of Texas); SL214, MATa GAL]:CHCl leu2 ura3-52 trpl hisl GAL2 scdl-i (12); SL1320, MATa bmh2-A:URA3 leu2 ura3-52 trpl his3-A200 GAL2 scdl-v; SL1382, MATa leu2 ura3-52 trpl his3-A200 GAL2 scdl-v; SL1386, MATa bmhl-A:LEU2 leu2 ura3-52 trpl his3-A200 GAL2 scdl-v; SL1470, MATa bmhl-A:LEU2 bmh2-A:URA3 leu2 ura3-52 trpl his3 GAL2 scdl-v pDG33-(GAL1:BMH2); SL1558, MATa barl-1 bmhl-A:LEU2 leu2 trpl His-; SL1559, MATa barl-] leu2 ura3-52 trpl His-; SL1771, MATa barl-] bmh2-A:URA3 leu2 ura3-52 trpl His-; SL1795, MATa bmh2-A:URA3 GAL]:CHC1 leu2 ura3-52 trpl his3-A200 GAL2 scdl-v; SL1797, MATa bmh1-A:LEU2 GAL1:CHC1 leu2 ura3-52 trpl his3-A200 GAL2 scdl-v; and TT25-6, MATa cdc25-1 leu2 ura3 trpl canl (15) . YEP-Glc/ dextrose (YEPD), YEP-Gal, and synthetic selective dropout media were prepared as described (12) . Standard yeast genetic methods were followed (16) .
Rescue of the GAL1:CHC1 scdl-i strain (SL214) depleted of clathrin heavy chains by BMH plasmids was determined as described (12) 
RESULTS
SCD3/BMH2 Encodes a Member of the 14-3-3 Protein Family. YEpSCD3 was previously identified as a high-copy plasmid that could rescue inviable strains of clathrin heavychain-deficient (Chc-) yeast to viability (12) . To narrow the rescuing region of YEpSCD3, subclones were generated and transformed into a GAL1:CHCI scdl-i strain (SL214) to test for growth on glucose medium. Normally, this strain grows well on galactose medium, where CHC1 is expressed, but on glucose the GALl promoter is shut off and SL214 is inviable due to the presence of the scdl-i allele. A single open reading frame in YEpSCD3 coding for an acidic protein (pl 4.6) of 273 aa with a predicted molecular mass of 31 kDa was found to be responsible for the rescue.
A search of GenBank revealed that the Scd3 protein (Scd3p) is highly homologous to the 14-3-3 family of proteins and to a previously identified S. cerevisiae protein encoded by the BMH1 gene (10 (Fig. 1) ; however, homology to other animal isoforms is still extensive (60-65% identity). Both Bmh proteins are -75% identical to the Sch. pombe 14-3-3 homologues (rad24p and rad25p), which are themselves only -75% identical (9) . However, phylogenetic analysis (27) places the fission-yeast proteins in a class of their own, distinct from Bmhlp, Bmh2p/Scd3p, and mamma-
The carboxyl terminus is the most divergent region of the 14-3-3 proteins. Most of the mammalian isoforms are truncated relative to the yeast forms, and Bmh2p contains an unusual stretch of 17 glutamines in this region. It is of interest that a Pvu II deletion of BMH2, which results in a truncation of 10 carboxyl-terminal amino acids and addition of 6 vectorderived residues, is essentially nonfunctional in the GALl: CHC1 scdl-i rescue assay. Therefore, the carboxyl terminus of Bmh2p may be important for function and the divergent carboxyl termini of the 14-3-3 isoforms could contribute to the different activities of these proteins.
Disruption of BMHI and BMH2. To determine the phenotype of cells lacking Bmh proteins, BMHJ and BMH2 deletions were generated by using the LEU2 and URA3 genes as disruption markers, respectively. Dissection of bmhl-A:LEU2/ BMH1 bmh2-A:URA3/BMH2 double heterozygotes yielded tetrads with four, three, or two viable spores (1:4:1 ratio). Approximately equal numbers of BMH1 BMH2, bmhl -A, and bmh2-A segregants were recovered and all had wild-type growth rates. The inviable class (the missing bmhl-A bmh2-A spore progeny) germinated and formed microcolonies of 8-32 cells. This indicates that disruption of both BMH genes is lethal and that at least one 14-3-3 gene is required for vegetative growth. Identical results were obtained with scdl-i and scdl-v strains.
Although the bmhl-A and bmh2-A single mutants grew as well as wild-type strains under normal conditions (YEPD, 30°C), we put the mutants through a number of tests in an attempt to identify any phenotypes. Cells were grown on a variety of nonfermentable carbon sources (e.g., acetate, glycerol, and galactose), YEPD containing 0.9 M NaCl (highosmolarity medium), 100 mM CaCl2 or 10 mM EGTA, the microtubule inhibitor benomyl at 1-50 gg/ml, and pH 5.5 medium. Single bmh null mutants were also tested for heat and cold sensitivity (growth at 37°C and 17°C, and heat shock at 55°C for 30 min). In all cases no differences from wild-type were observed. Cells had normal growth rates, morphology, mating, sporulation as homozygous diploids, and mating pheromone response in all conditions tested.
Mutation of both Sch. pombe 14-3-3 genes, rad24 and rad25, is lethal, but rad24 or rad25 single mutants are viable (9), similar to S. cerevisiae bmh null mutants. However, rad24 Proc. Natl. Acad. Sci. USA 92 (1995) mutants, and to a much lesser degree rad25 mutants, enter mitosis prematurely and rad24 mutants are hypersensitive to DNA-damaging agents (9) . This suggested that fission-yeast 14-3-3 genes are important for checkpoint control. Therefore, we tested whether the S. cerevisiae single bmh mutants were hypersensitive to DNA damage (Fig. 2) . We found the viability of a known budding-yeast radiation-sensitive/checkpoint control mutant, rad9 (28) , declined rapidly with increasing UV irradiation. In contrast, survival curves of the bmhl-Ai and bmh2-A mutants were identical to that of the wild-type strain. Similar results were observed with y irradiation (data not shown).
Bmhlp Is More Abundant Than Bmh2p. Bmhlp and Bmh2p were identified in immunoblots of yeast extracts by an antiserum raised against a synthetic peptide highly conserved among 14-3-3 proteins (Fig. 3) (Fig. 4) (Fig. 5) . The bmhl -A mutants were inviable on glucose, whereas bmh2-A mutants grew very slowly (Fig. 5) or were inviable (data not shown). This synthetic growth defect could be reversed by transformation with the BMH gene on a plasmid, so that growth was similar to that of chcl-A scdl-v BMHI BMH2 strains. This further demonstrates that clathrindeficient yeast are sensitive to the cellular levels of Bmh proteins.
The low-copy rescue by BMH1 and BMH2 suggested that either of these might, in fact, be allelic to SCD1, since singleor low-copy scdl-v can rescue clathrin-deficient yeast carrying the scdl-i allele (12 Evidence for a Role for 14-3-3 Proteins in the Ras Signaling Pathway. The 14-3-3 proteins have been implicated in several kinase signaling pathways, including those involving PKC, Bcr, and Raf-1, a downstream target of the Ras signaling cascade (see refs. 1 and 3 and references therein). In S. cerevisiae three independent kinase signaling pathways are known to be required for cell viability. These include the RAS/cAMPdependent protein kinase (PKA, encoded by TPK genes) pathway (30) , the SLN1/HOG1 osmotic sensor pathway (31, 32) , and the PKC (PKC1) pathway (33) . To determine whether the inviability of the Bmh-strains resulted from perturbation of any one of these pathways, we tested whether conditions that allow bypass rescue of lethal mutations in these kinase cascades could rescue bmhl-A bmh2-A mutants.
In S. cerevisiae, cells with mutations in any of the genes in the PKC1 pathway (pkcl, bckl, mkkl/mkk2, or mpkl) acquire a lethal cell lysis defect but can be rescued by plating on medium containing 1 M sorbitol or 100 mM CaCl2 (33). However, bmhl-A bmh2-A spore segregants were not rescued by these osmoremedial agents, indicating that the lethality of Bmhyeast is not due solely to a defect in PKC signaling.
The SLN1 /HOGI pathway is induced in response to osmotic stress (31) . In the absence of Slnlp, the putative osmosensor at the plasma membrane, this kinase cascade is constitutively active. This results in lethality in nonhyperosmotic medium (32) . The lethality of slnl mutants on normal media can be suppressed by inactivation of HOG], which encodes the downstream mitogen-activated protein kinase in this pathway. Although Hogl kinase is crucial during osmotic stress, loss of HOG] alone has no detrimental effect on cell growth in nonhyperosmotic conditions. To determine whether bmh 1-A bmh2-A mutants are inviable due to constitutive activation of the SLNJ/HOG1 pathway, we tested whether deletion of HOG] could suppress the lethal phenotype; however, hogl-A (31) also could not rescue Bmh-cells.
The Ras/cAMP pathway in S. cerevisiae is a nutrient-sensing pathway (30) . In nutrient-rich conditions, Ras proteins (coded for by RAS1 and RAS2) bind GTP, stimulated by the GDP/ GTP exchange protein Cdc25p. This leads to increased activity of adenylate cyclase and synthesis of cAMP. cAMP activates the PKAs, redundantly encoded by TPK1, TPK2, and TPK3, thereby promoting cell cycle initiation. Cells lacking functional RAS or CDC25 genes arrest growth in the G1 stage of the cell cycle, but this can be suppressed by overexpression of TPKJ (15) 
DISCUSSION
Two S. cerevisiae genes that encode 14-3-3 proteins have now been identified. Similar to results in Sch. pombe, deletion of both BMHI and BMH2 is lethal, indicating that 14-3-3 proteins have crucial functions in eukaryotic cell physiology. However, the Bmh proteins, unlike fission-yeast 14-3-3 proteins, have not been implicated in checkpoint control, although further studies will be required to rule out this possibility completely.
The basis for our initial isolation of BMH2 was its ability, when overexpressed, to rescue inviable strains of clathrindeficient yeast (12 (5) . Some 14-3-3 proteins have been shown to be associated with synaptosomes (35) , and some isoforms localize to the Golgi compartment in cultured cells (36) . A 14-3-3 protein has also been isolated as an activator of ExoS, the P. aeruginosa virulence factor which ADPribosylates small GTP-binding proteins, including Rab3, Rab4, and Ras (6, 7) . It has been proposed that ADP-ribosylation of Rab proteins by ExoS may disrupt vesicle trafficking during infection, inhibiting the normal antimicrobial functions of cells (7) . Nonetheless, that TPK1 overexpression only partially rescued the bmhl-A bmh2-A lethality suggests that not all 14-3-3 functions occur through the Ras/PKA pathway and supports a multifunctional role for these proteins. The genetic interactions with clathrin mutants are also consistent with this. Since overexpression of TPKI could not rescue inviable strains of Chc-yeast, it is unlikely that the suppression of clathrin deficiency by high-copy BMH genes is mediated through suppression of the Ras pathway. Still, the exact biochemical functions of the 14-3-3 proteins are not understood. We find the potential connection of 14-3-3 proteins to small GTPases such as Ras intriguing, given the importance of Rab and Arf proteins in vesicular transport (37) . The data presented here could also be accounted for if 14-3-3 proteins are more generalized factors or stress-response proteins that stabilize polypeptides or protein-protein interactions such as those perturbed in Chc-and Ras signaling mutants.
A key question concerns whether Bmhlp and Bmh2p are functionally interchangeable. That single BMH mutations show no obvious phenotypes but deletion of both genes is lethal indicates that Bmhlp and Bmh2p must be able to overlap significantly in their functions. The high degree of sequence identity (>90%) between Bmhlp and Bmh2p is also consistent with this view. However, the ability of BMH1 and BMH2 to rescue inviable strains of Chc-yeast and to rescue the temperature sensitivity of cdc25-1 distinguishes the two genes, because BMH2 was consistently more potent than BMH1. Differential expression does not appear to account for this, since Bmhlp is more abundant than Bmh2p. It is possible that the functional differences reside in the divergent carboxyl termini of the proteins, since we have evidence that a short carboxyl-terminal stretch of Bmh2p may be functionally important. This region of all 14-3-3 proteins is the most variable and thus could be crucial for differences in isoform function and cellular localization.
